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ABSTRACT Thermal activation of electron transfer reactions of the blue proteins is
considered in terms of vibronic coupling. Use of the electron paramagnetic resonance
spectral distribution to obtain an estimate of the force constant for the relevant pro-
tein mode is proposed and demonstrated. This analysis leads to a model in which the
configurations of the cupric and cuprous sites are displaced only a few degrees from
each other, both being close to the configuration midway between planar and tetra-
hedral.
In recent papers on biological electron transfer by thermally activated tunneling, Hop-
field (1, 2) quantitatively treats the activation energy in terms of vibronic coupling in
the donor and acceptor molecules. (See also ref. 3.) A model of minimal complexity is
employed wherein the force constants for the vibrational modes of the molecules with
and without the electron are taken to be equal, kd for the donor and ka for the ac-
ceotor. The parameters Ad - kdX4 and Aa = 1 kaXa play important roles in the tem-
perature dependence of electron transfer, Xd being the displacement of the relevant
donor harmonic potential in going from the state with the electron present to that with
it absent, Xa being the corresponding displacement for the acceptor. At high tempera-
tures (T >> Ta/2)1 Hopfield finds that the rate of electron transfer Wda can be
expressed
Wda = TdaOI2 _exp - (Ed- EO- A)2/4AkT (1)a h v/4irAkT
where Tda is the matrix element of the Hamiltonian between the initial (on donor) and
final (on acceptor) states of the electron, Ed and Ea are the reduction potentials of
the donor and acceptor redox couples, A Ad + Aa, k is the Boltzmann constant,
and T, the absolute temperature. In this formulation the donor and acceptor sites are
spatially fixed as they would be in solids. With modifications the formulation also ap-
plies to nonadiabatic outer sphere electron transfer reactions in solution, the greatest
X Ta is the temperature equivalent of a quantum of vibrational energy.
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contribution to a positionally-averaged rate being produced during the lifetime of the
donor-acceptor complex. Apart from a possible additional term arising from complex
formation in solution, these electron transfer processes will exhibit an enthalpy of
activation given by2
ALHT = (Ed- Ea - A)2/4A. (2)
In the context of the above model we wish to consider some properties of azurin, one
of the copper-containing proteins which engage in electron transfer reactions and are
deep blue when oxidized. Tetrahedral distortion of the usually planar complexes of
the cupric ion has been recognized for some time as a structural factor of prime im-
portance in producing the unusual magnetic and optical properties of the blue proteins
(4-6). It was suggested that this displacement of coordination configuration toward
that characteristic of the cuprous ion was in part responsible for the high positive
values of redox potential (4, 7) and would also facilitate activation of redox reactions
(7). Magnetic resonance and fluorescence measurements on azurin and other blue pro-
teins containing a single copper show that the metal atom is not accessible from the
aqueous phase (e.g. 8-11), a situation which requires a tunneling or outer sphere
mechanism of electron transfer. To minimize the influence of factors other than vi-
brational facilitation, we wish to consider the smallest activation enthalpies observed
for electron transfer to these proteins. In this category are the values (12, 13) 0.089,
0.093, and 0.13 eV for the reduction of Pseudomonas aeruginosa azurin (Ea = -0.30
eV), French bean plastocyanin (Ea = -0.37 eV), and stellacyanin (Ea = -0.18 eV)
by Fe(EDTA)2 (Ed = -0.12 eV). (See ref. 14 for a tabulation of these and related
redox potentials.) Solving the quadratic Eq. 2, one finds that the larger set of roots is
self-consistent: 0.67 (azurin), 0.79 (plastocyanin), and 0.64 eV (stellacyanin). In the
following considerations we take the average value, A = 0.70 eV, to be the upper limit
for the vibronic coupling factor of the copper site, i.e. Aa - kax. < 0.70 eV.
The relevant vibrational motion of these copper sites is somewhat similar to the sym-
metric bending mode of a tetrahedral complex such as Ni(CO)4, but less symmetric,
with one length of polypeptide attached to one pair of the tetrahedral bonds and joined
to another length attached to the other pair. It has been shown that the unusual shape
of the low-field quartet in the X-band electron paramagnetic resonance (EPR) spec-
trum of azurin can be explained on the basis of a Gaussian distribution in tetrahedral
(out-of-planarity) angle Fig. 1, (15). The root mean square amplitude of the angular
deviations Afl required to simulate the observed shape is 0.7° or 0.024 radian for the
angle subtended by a pair of bonds, to which corresponds a displacement of 0.048 A at
a ligand distance of 2 A. The EPR measurement was taken at a cryogenic temperature,
and this distribution could reflect the displacements of an ensemble of conformations
fixed at approximately 2100K (16). Application of the principle of equipartition then
gives a force constant ka = 1.3 x 105 dyn cm-'. In small molecules the force
constants for bending are smaller than this, and those for stretching bonds, greater.
2It can be shown that in (rate) is nearly linear in 1/Tin the region (Ed - Ea - A)2/2Ak > T >> Ta/2.
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FIGURE I The lobes of the ground state (hole) orbital are maximally concentrated at angles
i7 above and below the mean plane and are directed, approximately, at the four ligand atoms.
Because of the constraining influence of the polypeptide, some stretch should ac-
company the bending activity around the cupric site in the blue proteins and give rise
to a force constant of intermediate stiffness such as the above value for ka.3
An upper limit to the configuration coordinate displacement Xa can now be ob-
tained, xa < 7 k= 0.4 A, to which corresponds a change of v of 60. In the cupric
states of azurin and stellacyanin the out-of-planarity angle t1 is approximately 160 (15).
It appears that the configurations of the cuprous and cupric states of the blue proteins
are only a few degrees apart, both being close to the configuration midway (v = 17.70)
between true planar and true tetrahedral.
In support of this model are the measurements on several blue proteins of light ab-
sorption and circular dichroism in the ultraviolet (5, 17), and 13C nuclear magnetic
resonance (18); the results are consistent with there being only minor changes in pro-
tein conformation accompanying change in the valence of the copper. X-ray absorp-
tion edge spectra of reduced and oxidized plastocyanin exhibit differences (19), which
possibly can be used to quantitate the extent of rearrangement of ligand electronic
structure. X-ray diffraction studies of azurin and plastocyanin are under way. The
angles associated with the model are related to angles in the three-dimensional struc-
tures of the proteins. Within the resolution of the electron density maps, comparison
of the oxidized and reduced structures will provide a test of the model.
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